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Abstract. In this paper, we compare the blackbody radiation density formula
obtained with classical physics by Hugh L Callendar and the formula obtained by Max
Planck using the quantization of energy. We use R and Maxima to analyze their fitness
on coordinating experimental data and indicate some limitations with experiments in
this area.
Keywords: Blackbody radiation, Planck, Callendar, Thermodynamics
1. Introduction
During the first two decades of the 20th century, many prominent physicists sought a
formula that could model the blackbody radiation spectrum. A common myth often
repeated in various references and introductory texts, is that the equipartition of energy
theorem from Rayleigh’s theory of an ideal blackbody at thermal equilibrium leads to
an unphysical result toward the ultraviolet end of the spectrum. By calculating the
total amount of radiated energy according to this theory, it was shown that a blackbody
would release an arbitrarily high amount of energy, sometimes called the ultraviolet
catastrophe. The truth is that Rayleigh’s formula and the equipartition theorem applies
only in the low-frequency range and not to all part of the spectrum. The limitation of
his theory was clearly stated by Rayleigh in his published works and was understood by
physicists of the time.[1] In 1900, Max Planck developed a theory that could explain the
observed blackbody spectrum using the assumption of a discrete set of possible energy
values, so-called energy quantization. The assumption of discrete energy values was
new to physics and could not be justified with classical physics of that period. In recent
times, however, Timothy Boyer obtained Planck’s formula using relativistic classical
electrodynamics including classical electromagnetic zero-point radiation. [2] Thus the
blackbody spectrum and Planck’s formula can be obtained by classical physics, just not
the one usually covered in textbooks of thermodynamics.
Even before Boyer works, there were a few formulas developed from classical physics
that could fit the blackbody radiation spectrum to the experimental data available then.
One such formula was derived by Hugh Callendar and published in 1912 and 1913, but is
largely unknown today.[6, 7] Now that Planck’s formula is widely accepted, we thought it
would be of interest to revisit Callendar derivation of his radiation formula and compare
the two in coordinating experimental data on blackbody radiation. In our minds, a
physical theory is not an explanation but a system of mathematical propositions whose
purpose is to represent a group of experimental laws as simply, exactly and completely as
possible and the only test of a physical theory is its capacity to coordinate experimental
data. With the above mindset, a comparison of the fitness of the two radiation energy
density formulas, those of Callendar and those of Planck at a level accessible to advanced
undergraduates may be of value in showing the limitations of experiments. Some articles
or books along similar lines but using different approaches can be found in the references.
See [2] or the excellent book of Kangro on the historical development of the various
radiation laws. [3]
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In the next section, we give a brief bio of Callendar to provide our readers with some
background into his research experiences and his approach to blackbody radiation. In
the third section, we outline Callendar’s radiation formula derivation. In the fourth
section, we compare Callendar’s formula with those of Planck’s and compare their
coordinations with experiments.
2. Callendar’s scientific work biography
In brief, Hugh Callendar studied physics at Cambridge University. He invented the
platinum resistor thermometer, came up with an equation of state for real gases and
used it to generate accurate steam tables, important to engineers who build turbines. He
taught at Royal Holloway College, McGill University, and the Royal College of Science
in London. A slightly more detailed summary is provided below:
Callendar researched the gas thermometer, the radio balance, on a more pre-
cise determination of the specific heat of water, a quantitative study of the
behavior of steam to pressures well above the critical state, and on engineering
problems dealing with the flow of steam through nozzles, with steam turbines
and internal combustion engines. In his paper on the properties of gases and
vapors, deduced from a modified form of the Joule-Thomson equation, he put
forward his equation of state for a real gas and derived all the thermodynamic
properties of steam. This paper led to the compilation of reliable steam ta-
bles, The Callendar Steam Tables and the book The Properties of Steam and
Thermodynamic Theory of Turbines that enabled engineers to design advanced
steam machinery ... Among his many projects in the area of thermodynamics,
Callendar, alone or with his collaborators, studied the specific heat of gases,
the osmotic pressure of solutions, the absolute expansion of mercury, and the
boiling point of sulfur. His determination of the boiling point of sulfur was
four degrees lower than the value previously accepted and was only 0.07 C
different from the value of the sulfur point adopted on the International Tem-
perature Scale, established in 1927. The correction was based on a very precise
determination of the absolute expansion of mercury above 100 C. Later Cal-
lendar developed the electrical continuous-flow calorimeter for measuring the
heat-carrying properties of liquids; with Howard Turner Barnes ... he applied
it to the study of the calorimetric properties of water. For the Air Ministry,
he investigated anti-knock additives (dopes) and detonation, and in 1926 he
published on the cause of knock in petrol engines and the effects of anti-knock
additives to gasoline. Callendar and John Cox carried out the first X-Ray ex-
periments in Canada, which produced satisfactory images used in hospitals.
Callendar received many awards and honors for his contributions to science
and technology. In 1894 he was elected a fellow of the Royal Society. He
received the Watt Medal of the Institution of Civil Engineers for his work with
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Nicolson on the laws of condensation of steam (1898); the Rumford Medal of
the Royal Society (1906) for an “outstandingly important recent discovery in
the field of thermal or optical properties of matter made by a scientist working
in Europe”; and the Hawksley Gold Medal of the Institution of Mechanical
Engineers, for his research of the flow of steam through nozzles and throttles
(1915). [4]
More details of Callendar’s scientific work and accomplishments can be found in the
reference where the above summary is taken. This information was provided to give a
sense of Callendar experiences and achievements in thermodynamic researches, so that
the reader may consider his work on blackbody radiation in the next section with an
open mind.
3. Callendar’s derivation
In his first paper, Callendar used a quasi-molecular model of radiation and made used
of the analogy between full radiation and an ideal gas to obtain his radiation formula.
In his second paper, he gave a more direct derivation, which is briefly outlined below.
Callendar used a spherical cavity and worked with the following hypothesis commonly
used in his era and can be found in many textbooks of that period.
The energy stream Q, the radiant flux: The condition inside an enclosed cavity at
a uniform temperature T may be represented by an isotropic energy stream Q which
is the same in every direction and in all parts of the cavity. It is a function solely of
the temperature. Similar statements hold for each component frequency of the stream.
Let q(ν, T ) be the partial energy stream per unit range of frequency at the frequency ν,
taken to be a differentiable function.
The energy density U: The energy density of the stream Q is 4Q/c, where c is the
speed of light. Similarly, the energy density u for the component stream q is 4q/c.
The doppler effect: The cavity is a perfectly reflecting sphere that is expanding
symmetrically with uniform velocity, small relative to light speed, and filled with a
homogenous and isotropic mixture of different frequencies. As the sphere expands, the
wave-length of every component in the mixture will increase in direct proportion to the
radius of the sphere.
Law of adiabatic expansion: When a given quantity of radiation is adiabatically
compressed or expanded in a perfect reflector, the total energy of each component
frequency in the volume while retaining its identity varies directly as its frequency.
While the differential energy-stream qdν of each component varies directly as the fourth
power of its frequency ν, or equivalently as the reciprocal fourth power of the radius, r.
The radiation pressure: The expression for the pressure pdν due to the stream qdν
is obtained by equating the work done pdν × 4πr2dr in a small expansion dr to the
loss of energy of the stream, combined with the law of adiabatic expansion. The work
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The temperature of full radiation: A direct application of Carnot’s cycle to
full radiation implies that the temperature varies directly as the frequency for each
component, or inversely as the radius of the expanding sphere:
T = Cν = C ′/r. (2)
The Stefan-Boltzmann law: The energy density and the pressure vary as the fourth
power of the temperature for the whole radiation, and for each component frequency
separately.
The Wien displacement law: The quantities ν/T or λT remains constant for each
component.
Both of which are summed up in Wien’s general expression for the radiation
distribution and in terms of p it is:
p = Cν3F (ν/T ) = CT 3f(ν/T ). (3)
where F and f are related undeterminded functions and C a constant.
From the consideration of isothermal emission at a constant frequency, Callendar
extended the above with the following propositions:
1. Since each frequency is propagated without a change in free space, the heat taken
from the source by the emission of a steady stream of a particular frequency should be
equal to the heat accumulated at the receiver from the same stream, by the first law of
thermodynamics. This heat is called the latent heat of emission.
2. The latent heat of emission per unit volume for each frequency, l, should be given
by Carnot’s principle, T (∂p/∂T ), which is proportional to T (∂q/∂T ) but not to q.
This is contrary to the assumption that the latent heat of emission per unit volume
is proportional to the energy-stream q or equivalently that the energy density of each
frequency is directly proportional to the heat measured on absorption.
Callendar arrived at the second proposition by the following chain of reasoning:
Consider full radiation in equilibrium at temperature T in a perfect reflecting spherical
cavity, let the radius of the sphere expand by a small increment dr, so that the
temperature decrease to T − dT , where −dT = Tdr/r, obtained by differentiating
equation (2). The stream of energy q per unit range of a particular frequency ν at
the original temperature T will be reduced at the lower temperature T − dT to the
value q − (∂q/∂T )dT . If the perfectly reflecting surface is now replaced by an emitting
surface at the original temperature T , equilibrium will be restored by the absorption of
the existing stream q − (∂q/∂T )dT and the emission of a stream q at constant volume,
taken to be 4πr3/3. The final energy density is 4q/c. The net energy emitted will
be 16πr3T (∂q/∂T )dT/3c, obtained by combining the above relations. The latent heat
of emission, l per untit increase in volume is this quantity divided by the increase in
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Callendar concludes his reasoning for the second proposition with this summary:
Admitting the existence of the doppler effect in isothermal emission under
equilibrium conditions at the slowly expanding wall of the enclosure, it is easy
to see why the latent heat of a particular frequency per unit volume should be
different from the density of the energy stream of the same frequency together
with the external work. The higher frequencies are being continually degraded
into lower ones during the motion so that the actual net amount of a high
frequency emitted may be greatly in excess of the quantity 4p per unit volume
which would be required if there were no degradation of the frequency. On the
other hand, for a low frequency, the amount required to maintain the energy-
stream at its equilibrium value is reduced by the return of energy degraded from
the higher frequencies. The two effects balance in the case of the radiation at
the mean point where T (∂p/∂T ) = 4p.
Now the intrinsic energy E/V of a particular frequency, given up on absorption by








Wien’s law, equation (3), implies that the ratio of the intrinsic energy to pressure, E/pV
must be some function of (ν, T ). On the grounds that the internal energy of a given
quantity of radiation varies as the frequency, see the law of adiabatic expansion above,




for some constant b. According to Callendar, this assumption fixes the full distribution
and gives the simplest relations between various quantities, “in addition to giving very
good agreement with experiment.” When the latent heat equation (5) is integrated at
constant frequency using the above assumption, we get an expression for p:




p = Ĉ(ν)T e−bν/T .
Comparing this equation to the general form of equation (3) when ν/T is held constant
gives that Ĉ(ν) = Cν2, with C a constant and yield the expression for the partial
pressure:
p = Cν2T e−bν/T ,
the intrinsic energy
E/V = Cbν3T e−bν/T ,
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and the latent heat of emission
l = Cν2T (1 + bν/T )e−bν/T .
The quantity measured in experiments is the rate of heat loss of some radiator,
usually an approximate blackbody, or the rate of heat absorption by a receiver, so it is
proportional to the latent heat of emission. Callendar thus arrived at his formula for
the energy density of an ideal blackbody radiation in terms of frequency to be:










with C1, C2 constants and C2 = bc, b being the constant from above and c the speed of
light. Callendar went on to determined the constants b and C1 by relating his formula
to the Wien displacement law and the Stefan-Boltzman law. Callendar never wrote it
in this form. We only did so to make comparisons with other radiation formulas more
convenient. In terms of wavelength it is:









Before comparing Callendar’s formula with Planck’s formula, we first introduce two
other formulas that are accepted to be valid within certain limits and that all radiation
laws must conform to in their domains of validity. The first of such is the Wien’s
radiation law for the energy density, valid for relatively small values of the product of
the wavelength and temperature:





with C1 and C2 constants, not necessarily the same from one formula to the next. The
second accepted formula is the Rayleigh-Jeans law, valid for relatively large values of the
product of the wavelength and temperature where the equipartition of energy theorem
hold:




Later on, Rayleigh and Jeans tried to extend this law to lower wavelengths by
incorporating an exponential factor giving the form:




Callendar’s formula is a sum of these two laws (8) and (10), albeit with different
constants.
Planck’s formula for the energy spectrum of a blackbody, in terms of frequency, is:







In terms of wavelength, it is:







These are the earliest form of Planck’s formulas. In the course of refining his
theory, Planck expressed these radiation constants in terms of more familiar fundamental
constants, like the speed of light, Boltzmann and Planck’s constant, h. Historically, the
constant C2 in each of the above formulas is determined by finding the wavelength
where the intensity has a peak when the temperature is held constant. This involves
differentiating the intensity function with respect to wavelength and finding the
wavelength where the derivative is zero. The resultant expression for the wavelength in
terms of C2 is then related to the empirical constant in the Wien displacement law:
λmT = 0.00289771955 m-K.
Using the currently accepted value for the Wien’s displacement constant, given
above and obtained from [5], Planck’s C2 value is 0.01438776877 m-K, while for
Callendar’s C2 = 0.013991680709 m-K. In terms of more convenient units Planck’s
C2 = 14387.76877µm-K, while Callendar’s C2 = 13991.680709µm-K. Callendar used
the values of the Wien displacement constant of his time combined with rounding to
get C2 = 14000µm-K. Planck, in fact, obtained the value of the constant named in his
honor, h, from the experimental blackbody data of his days.[2, p 503] In modern times,
the role is reversed so that Wein’s displacement constant and Planck’s C2 constant are
expressed in terms of Planck’s constant, the Boltzmann constant and the speed of light,
with Planck’s C2 = hc/kB. Since the various C2 constants are just scaled factor of the
Wien’s displacement constant, they are just scaled Planck’s C2.
The C1 constants are determined by integrating the density in either form and
conforming the resultant expressions to the Stefan-Boltzmann law:∫ ∞
0
U(v, T )dv = σT 4.
This process will give the C1 constant in terms of Stefan’s constant, σ, which can
be expressed in terms of Planck’s constant, h. Since both radiation constants can
be expressed in terms of h, blackbody radiation points to a new constant of nature
that was unknown until the works of Planck. Yet in terms of historical experimental
works dealing with the blackbody radiation spectrum, only the C2 constants can be
“measured” directly. While the C1 constants are not important factors in experiments,
they are needed to get the right scales and units in theoretical works.
One thing to note, Planck’s, Callendar’s, and several other formulas not shown
here, have the forms of the Wien formula in the limit where λT are sufficiently small
and the form of the Rayleigh-Jeans formula (9) when λT is sufficiently large.
4. Fitness with experimental data
Many of the hypotheses used by Callendar can not be experimentally verified, a fact
that he clearly understood and even stated. What can be experimentally tested is the
formula that he obtained. Direct experimental verifications of Planck’s or Callendar’s
law would require measurements of the radiant flux emitted by a blackbody for a wide
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range of the variable x = C2/λT , either with a fixed temperature (isothermic curves) or
with a fixed wavelength (isochromatic curves). Experiments of these kinds were carried
out during the time of Planck and Callendar, with the experimental results of Rubens
and Michel published in 1921 being considered conclusive. In this experiment, they only
tested how well Planck’s formula conforms to the measured data, whereas in previous
experiments Rubens and collaborators tested other formulas also. To be more specific in
the 1921 experiment, they tested how close the product E(ex−1) is to being constant as
predicted by Plancks’ law, where E is the measured radiance. They reported the results
for eight isochromatic curves, with wavelengths between 4 and 52 µm and temperatures
in the range from 290 to 1830 K.[8]
In testing the fitness of his formula to experiments done prior to 1914, Callendar
said that his formula “must be capable of representing the distribution curve with
considerable accuracy, since it reduces to the same type as Wien’s when λT is small,...and
to the same type as Rayleigh’s when λT is large... It would be tedious and unnecessary
to analyze all the observations (though this has been done) since it is generally admitted
that Planck’s formula fairly represents the experimental data.”[7, p 877] Callendar did
provide a residual plot of the quartz reststrahlen data obtained by Rubens and Kurlbaum
and the difference of his formula and Planck’s. From this curve, he concluded that his
formula fit the reststrahlen data better than Planck’s formula. He also remarked that
“the observations on the reststrahlen of flourite and rocksalt show a similar result but are
not so decisive...” Callendar later remarked that “ there are several observations which
indicate that Planck’s formula gives results that are too low for short wave-lengths.”
We had intended to test the fitness of Callendar formula using more recent data
along either the isochromatic or isothermic curves, but an intensive literature search
revealed that no new experiments along the above line were done after 1921. The
search did turn up a 1984 paper of Crovin and Galgani, who reanalyzed the 1921 data
of Rubens and Michel to determine how well Planck’s law actually fit.[9] In this work,
they use the value 14388 µm-K for C2, while Rubens and Michel used C2 = 14300 µm-K.
They concluded with “the precision experimentally achieved in tracking the spectrum
which Planck predicted is not better than (2 - 3)% (three standard deviations). Available
results of spectral measurements yielded C2 values that systematically differ with respect
to the value derived from updated fundamental constants, even if new thermodynamic
temperature values are considered... ” The search also turned up the FIRAS data set
which was obtained in measuring the temperature of the cosmic microwave background
radiation. So we will compare Callendar’s and Planck’s formulas using the FIRAS data
and the data of Rubens and Michel 1921 experiment, with the latest accepted values of
appropriate constants.
The FIRAS (Far-InfraRed Absolute Spectrophotometer) instrument onboard the
COBE (COsmic Background Explorer) satellite was designed to measure the spectral
diference between the cosmic microwave background and a precise blackbody spectrum,
based upon Planck’s formula with T = 2.725K. See [10] for more details. FIRAS
obtained many sets of data, but the one that concerns us is taken from Table 4, the
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monopole spectrum of the CMBR and the residuals of that spectrum, both of which can
be found online [11]. This data set is from an isothermic curve with temperature fixed
at T = 2.725K. Before comparing the two distribution, we first need to fix the two
formulas at one point near the peak of the distribution curve to get the same units. We
find the theoretical peak using the Wein displacement law for frequency, then choose a
data value among the FIRAS data set that is closest to the peak, and use those values
to scale the two functions. Once the distributions are scaled, fixing the C1 constants to
some value, we plot the two distributions and the FIRAS data. Looking at Figure (1),
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Figure 1: There is a slight difference between the two distributions for low frequency,
but they are otherwise indistinguishable at the scale of the FIRAS data.
Next, we plot the difference between the two distributions and the difference
between the measured radiance and the Planck distribution, the residuals of the
monopole spectrum. The plot, shown in figure (2), indicated that the difference between
the two functions is smaller than the residuals. This implies that the difference between
Callendar’s and Planck’s formulas for the fixed temperature of T = 2.725K is smaller
than the uncertainties of measurements in the FIRAS data.
Let us now compare the two formulas using the 1921 Rubens and Michel
experimental data. Even though the 1921 experiment obtained eight data sets, we will
use just the first six since the last two were by Michel’s admission possibly contaminated
by extraneous radiation. In this experiment, Rubens and Michel measured the radiation
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Figure 2: The smooth curve represents the difference between Callendar’s and Planck’s
radiation formulas, with the scattered points being the residuals from the FIRAS data
set. The last two residuals, being so much larger, are off the scale of the graph.
Rayleigh approximations do not hold. They first had to isolate a particular frequency
by filtering it out from the others and processing the residual rays in various ways.
Because of this indirect measurement, the radiance measured is more or less some fixed
proportion of the true emitted radiance. Thus their data for the radiance can not be
given in terms of recognizable units, but only in terms of arbitrary units. In this context,
the C1 constant is not important in analyzing the fitness of these two formulas, since the
data values are relative to some arbitrary units or some chosen point in the data set, as
it was done in some of the early experiments of Rubens and collaborators. This chosen
value can be used as a scale factor and the original data are converted into radiance
ratio, R(T ), in terms of the chosen reference point. We will do likewise in our analysis
for both distributions. Two questions that come to mind are which point among the
data should be chosen and how would this value affect the analysis. We have decided
to choose the value that gives the smallest residuals of the C2 constant for the linear fit
of Planck’s distribution for each data set. This choice affects the starting values for the
nonlinear fit and the residuals of the nonlinear fit C2 values to an insignificant degree,
as can be verified by direct computation. We decided on this approach in analyzing
the fitness of the two distributions so that the data for the fitting is as unprocessed as
possible. In this case, the raw data is only scaled by a constant factor chosen among
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their ranks and would rescale the C1 constants in both distributions by the same factor.
The radiance ratio for the Planck distribution at a fixed wavelength takes the form:




Tr being the temperature of the reference point. Essentially, the unknown constant
factor has been eliminated and replaced with C1 = e
C2/λTr − 1. The converted data
are then fitted to the above function and a value for C2 extracted, a nonlinear fitting
requiring some starting values. We get starting estimates for C2 and C1 for the nonlinear
fitting by doing a linear fit. In the case of Planck’s formula this can be done in two ways.
The ratio function and the data are linearized by multiplied them with the exponential
factor eC
Planck
2 /λT − 1, then the mean value for the ratio constant C1 can be used to
obtain C2 via the equation:
C2 = λTr log(C1 + 1).
The second possibility is to fit Rp(λ, T )(e
CPlanck2 /λT − 1) to a line A+B × T and get an
estimate for C2 via:
C2 = λTr log(A+ 1).
The second option should give a value of A close to C1 and a value of B close to zero.
We chose the second way so that both distributions would undergo the same process.
The result for the first three steps for the Rubens and Michel data corresponding
to the wavelength λ = 4.002µm is shown in Table (1) and the results of the other tables
can be found in the appendix.
The radiance ratio for the Callendar distribution at a fixed wavelength takes the
form:







with C1 = e
C2/λTr/(Tr+C2/λ). To get the starting values for a nonlinear fit, we first get
estimates for C1 and C2 using a linear fit. The ratio function and data is multiplied by
the exponential factor eC
Callendar
2 /λT , then fitted to a line A+B × T . This gives C1 ≈ B
and C2 ≈ Aλ/B.
We then used the nls function of R, to nonlinearly fit the ratio data to the functions
R = A/(eB/T − 1) and R = A(T +B)e−B/T using the Gauss-Newton algorithm.[12] The
nls function provides various statistics and measures of fitness for the two distributions,
but the simplest measure of fitness may be the magnitude of the relative difference
between the fitted C2 and their corresponding theoretical values. The nonlinear fitted
C2 values are simply Bλ for both distributions. The estimates for the C2 values obtained
from the nonlinear fitting and their comparisons with the corresponding theoretical
values are in Table 2. This whole process was double-checked with Maxima until the
results agree very closely. From this table, we conclude that the two distributions fit their
C2 values for the first three data sets relatively well, but that the Callendar distribution
does not fit the last three data sets as well as Planck’s, with a divergent trend on the
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Temp (Ti) E E Ratio (Er) Er(e
xp − 1) Erexc Est C2
634 9.46 0.028 21 8.159 39 7.004 23 0.014 37
732 20.33 0.060 63 8.175 01 7.194 12 0.014 36
836 37.95 0.113 18 8.231 76 7.413 24 0.014 33
932 58.34 0.173 99 8.063 64 7.407 70 0.014 40
1036 87.00 0.259 47 8.080 83 7.580 40 0.014 40
1129 116.50 0.347 45 8.044 12 7.687 25 0.014 42
1229 154.27 0.460 10 8.115 66 7.912 22 0.014 38
1337 197.44 0.588 85 8.076 86 8.047 38 0.014 40
1420 232.49 0.693 38 8.026 57 8.132 88 0.014 43
1531 283.14 0.844 44 7.994 34 8.285 47 0.014 46
1628 335.30 1.000 00 8.100 41 8.563 64 0.014 39
Table 1: The first two columns are from Table 1 of Rubens and Michel, with
temperatue in Kelvin and Emittance in arbitrary units. The third column is obtained
by dividing the radiant emittance by the choosen reference value. The fourth column
is the emittance ratios multiplied by eC
Planck
2 /λTi − 1, while the fifth columns is the
emittance ratios multiplied by eC
Callendar
2 /λTi , with CPlanck2 = 0.01438776877 m-K,
CCallendar2 = 0.013991680709 m-K and λ = 4.002 × 10−6m. The last column is the C2
estimates found from using the mean value of the Ratio constant from a linear fitting
of Planck’s formula.
C2 value. The table also shows that the data fit Planck’s theoretical C2 value to only
within 0.2% of its value at best and 2.3% of its value at worst.
Wavelengths Est of Planck’s C2
EstC2
CPlanck2
− 1 Est of Calendar’s C2 EstC2CCallend2 − 1
4.002 0.014 35 −0.002 43 0.013 93 −0.004 64
4.990 0.014 23 −0.010 73 0.013 92 −0.005 31
6.992 0.014 06 −0.023 07 0.014 11 0.008 48
8.944 0.014 12 −0.018 69 0.014 54 0.039 39
12.040 0.014 13 −0.018 03 0.015 17 0.084 29
16.050 0.014 32 −0.004 77 0.016 21 0.158 85
Table 2: The wavelength are in units of µm, while the C2 values are in m-K. The third




In this paper, we examined the fitness of the Planck’s and Callendar’s blackbody
radiation formulas to the FIRAS CBMR monopole spectrum with a residual plot and
found that their fitness are relatively close. We also examined the fitness of the Plank’s
and Callendar’s formulas to the Ruben and Michel 1921 data with the following process:
(i) Choose a reference value among the measured emittances to obtain the emittance
ratios
(ii) Multiply each emittance ratio by the corresponding exponential factor to obtain
the linearized emittance ratios for both distributions
(iii) Linear fits the two sets of linearized data to get starting values for the two constants
C1 and C2 for the nonlinear fittings
(iv) Nonlinear fit the emittance ratio to the two distributions
(v) Compare the fitness of the distributions to the data
and found that Planck’s formula is a better fit for the last three datasets, with both
distributions fitting the first three datasets equally well. To serve as a check, the above
process was fed test data generated from each distribution and it was able to tell which
set of data fitted which distribution best.
With the redefinition of various physical constants in November 2018 and the
wish to have stronger experimental support of Planck’s formula, we think several
experiments using the latest technologies and methods of analysis along the isochromatic
or isothermic lines in the region where the Wien’s and Rayleigh’s approximations do not
hold would be worth doing. Still, Callendar’s formula should not be completely dismissed
yet since one experiment is never enough. Since retesting is a cornerstone of the scientific
method, experiments need to be repeated and independently verified and analyzed to
make sure that the data obtained fit a pattern. In any case, even if the divergent
trend of Callendar formula is confirmed by experiments in the region where Wien’s
and Rayleigh’s approximations do not hold, Callendar’s formula could still serve as a
better approximation to Planck’s formula than that of Wien’s. As mentioned previously,
Callendar made the statement that his formula “must be capable of representing the
distribution curve with considerable accuracy... It would be tedious and unnecessary
to analyze all the observations (though this has been done)...” Not knowing the
exact experiments that Callendar was referring to, we can only speculate that these
experiments were done in the region just beyond where the Wein’s approximation can
be used, but where his formula served as a good approximation to Planck’s formula.
We hope our readers got a sense of the limitations that must be dealt with in
experiments on blackbody radiation. We also hope that the various sources on blackbody
radiation stop spreading the ultraviolet catastrophe myth and teach that the classical
physics of that era could get quite close to explaining the blackbody spectrum. It may
be too much to ask textbooks to acknowledge that modern classical physics as in the
works of Boyer can obtained Planck’s formula.
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6. Appendix
Below are the rest of the data tables of our analysis.
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Temp (Ti) E E Ratio (Er) Er(e
xp − 1) Erexc Est C2
518 5.43 0.060 37 0.042 83 0.101 69 0.047 42
617 13.06 0.145 19 0.082 55 0.224 94 0.035 31
643 15.81 0.175 76 0.094 96 0.267 53 0.032 68
725 26.69 0.296 72 0.138 52 0.430 68 0.025 80
730 28.04 0.311 73 0.144 33 0.451 31 0.025 06
834 44.63 0.496 16 0.196 09 0.685 93 0.020 05
930 64.57 0.717 84 0.249 85 0.959 77 0.016 49
1031 89.95 1.000 00 0.309 18 1.299 51 0.013 72
1132 117.76 1.309 17 0.364 07 1.661 98 0.011 84
1232 147.26 1.637 13 0.414 01 2.038 45 0.010 51
1313 171.56 1.907 28 0.449 32 2.342 92 0.009 72
1431 209.72 2.331 52 0.499 45 2.815 88 0.008 78
1529 244.20 2.714 84 0.540 81 3.239 41 0.008 12
1614 276.15 3.070 04 0.576 51 3.629 32 0.007 62
Table 3: The first two columns are from Table 2 of Rubens and Michel for the wavelength
λ = 4.99µm, with temperatue in Kelvin and Emittance in arbitrary units.
Temp (Ti) E E Ratio (Er) Er(e
xp − 1) Erexc Est C2
425 3.03 0.050 42 6.337 93 5.591 16 0.014 35
525 7.65 0.127 31 6.286 03 5.757 36 0.014 37
617 14.08 0.234 32 6.345 43 6.002 54 0.014 33
627 14.81 0.246 46 6.315 91 5.995 47 0.014 35
737 24.85 0.413 55 6.333 29 6.247 67 0.014 33
829 34.15 0.568 31 6.233 05 6.352 13 0.014 41
934 46.63 0.776 00 6.249 57 6.612 12 0.014 40
1038 60.09 1.000 00 6.260 26 6.874 65 0.014 39
1125 72.27 1.202 70 6.288 09 7.122 94 0.014 36
1229 86.33 1.436 68 6.228 29 7.319 68 0.014 42
1324 100.65 1.674 99 6.249 80 7.592 87 0.014 40
1431 115.57 1.923 28 6.177 91 7.786 76 0.014 49
1528 130.51 2.171 91 6.178 41 8.046 41 0.014 49
1645 148.31 2.468 13 6.154 34 8.330 59 0.014 53
Table 4: The first two columns are from Table 3 of Rubens and Michel for the wavelength
λ = 6.992µm, with temperatue in Kelvin and Emittance in arbitrary units.
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Temp (Ti) E E Ratio (Er) Er(e
xp − 1) Erexc Est C2
377 10.72 0.053 31 3.748 15 3.380 14 0.014 37
476 26.62 0.132 39 3.753 99 3.541 11 0.014 36
577 49.62 0.246 77 3.762 65 3.713 21 0.014 35
635 65.68 0.326 64 3.787 38 3.836 88 0.014 31
678 78.07 0.388 25 3.776 03 3.900 97 0.014 32
740 96.54 0.480 11 3.741 04 3.975 94 0.014 37
844 130.51 0.649 05 3.716 45 4.142 34 0.014 41
923 158.49 0.788 19 3.715 23 4.292 45 0.014 42
1034 201.08 1.000 00 3.738 66 4.539 99 0.014 37
1126 235.51 1.171 23 3.716 33 4.699 06 0.014 42
1235 279.56 1.390 29 3.724 13 4.934 28 0.014 40
1332 318.25 1.582 70 3.712 65 5.122 19 0.014 43
1437 359.08 1.785 76 3.684 32 5.304 07 0.014 50
1533 402.13 1.999 85 3.711 30 5.548 53 0.014 44
1653 449.41 2.234 98 3.679 50 5.758 13 0.014 52
Table 5: The first two columns are from Table 4 of Rubens and Michel for the wavelength
λ = 8.944µm, with temperatue in Kelvin and Emittance in arbitrary units.
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Temp (Ti) E E Ratio (Er) Er(e
xp − 1) Erexc Est C2 ”LC2diff”
289 1.93 0.036 08 2.218 50 2.012 00 0.014 35 2.3 · 10−3
392 6.03 0.112 73 2.263 97 2.185 39 0.014 25 9.35 · 10−3
506 12.33 0.230 51 2.214 86 2.291 44 0.014 34 3.07 · 10−3
592 17.95 0.335 58 2.190 51 2.389 54 0.014 41 1.31 · 10−3
618 20.01 0.374 09 2.212 63 2.452 62 0.014 34 3.09 · 10−3
682 24.55 0.458 96 2.188 00 2.522 31 0.014 42 1.98 · 10−3
726 28.23 0.527 76 2.209 32 2.615 82 0.014 35 2.7 · 10−3
795 33.65 0.629 09 2.199 16 2.713 61 0.014 38 4.63 · 10−4
828 36.15 0.675 83 2.185 87 2.750 23 0.014 43 2.74 · 10−3
929 44.38 0.829 69 2.173 34 2.898 54 0.014 48 6.15 · 10−3
1028 53.49 1.000 00 2.197 75 3.097 04 0.014 39 1.49 · 10−4
1127 62.63 1.170 87 2.209 83 3.283 45 0.014 34 3.53 · 10−3
1234 71.62 1.338 94 2.187 44 3.433 61 0.014 43 2.85 · 10−3
1331 80.07 1.496 92 2.176 88 3.584 11 0.014 48 6.14 · 10−3
1439 89.73 1.677 51 2.171 23 3.761 75 0.014 50 8.1 · 10−3
1542 99.63 1.862 59 2.180 20 3.957 45 0.014 47 5.42 · 10−3
1643 108.67 2.031 59 2.172 87 4.121 12 0.014 50 7.93 · 10−3
Table 6: The first two columns are from Table 5 of Rubens and Michel for the wavelength
λ = 12.04µm, with temperatue in Kelvin and Emittance in arbitrary units.
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Temp (Ti) E E Ratio (Er) Er(e
xp − 1) Erexc Est C2
289 2.44 0.076 71 1.629 15 1.566 23 0.014 34
395 5.94 0.186 73 1.619 75 1.697 07 0.014 36
516 10.90 0.342 66 1.604 28 1.856 01 0.014 42
622 15.93 0.500 79 1.615 44 2.033 91 0.014 37
636 16.69 0.524 68 1.623 28 2.066 21 0.014 33
732 21.26 0.668 34 1.605 98 2.198 93 0.014 41
813 25.29 0.795 03 1.599 66 2.323 09 0.014 45
835 26.56 0.834 96 1.607 98 2.371 79 0.014 40
934 31.81 1.000 00 1.611 12 2.543 03 0.014 39
1033 37.18 1.168 81 1.614 90 2.718 00 0.014 36
1136 42.34 1.331 03 1.599 16 2.867 22 0.014 46
1232 48.12 1.512 73 1.618 86 3.069 49 0.014 34
1336 53.47 1.680 92 1.607 23 3.227 96 0.014 41
1442 59.12 1.858 54 1.602 09 3.401 90 0.014 45
1542 65.09 2.046 21 1.613 32 3.601 43 0.014 37
1656 71.04 2.233 26 1.604 11 3.780 61 0.014 44
Table 7: The first two columns are from Table 6 of Rubens and Michel for the wavelength
λ = 16.05µm, with temperatue in Kelvin and Emittance in arbitrary units. The data
points (732, 21.24) and (732, 21.28) were replaced by their midpoint (732, 21.26)
